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Advances in miniaturized surgical instrumentation are key to less demanding and safer medical interventions. In cardiovascular
procedures interventionalists turn towards catheter-based interventions, treating patients considered unfit for more invasive ap-
proaches. A positive outcome is not guaranteed. The risk for calcium dislodgement, tissue damage or even vessel rupture cannot
be eliminated when instruments are maneuvered through fragile and diseased vessels. This paper reports on the progress made in
terms of catheter design, vessel reconstruction, catheter shape modeling, surgical skill analysis, decision-making and control. These
efforts are geared towards the development of the necessary technology to autonomously steer catheters through the vasculature,
a target of the EU-funded project CASCADE (Cognitive AutonomouS CAtheters operating in Dynamic Environments). Whereas
autonomous placement of an aortic valve implant forms the ultimate and concrete goal, the technology of the individual building
blocks that are identified to reach this ambitious goal are expected to be much sooner impacting and assisting interventionalists in
their daily clinical practice.
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1. Introduction

Cardiovascular diseases (CVD) form the single most com-
mon cause of death in the EU. Catheter procedures are
among the most common surgical interventions used to
treat CVD. Due to their minimal access trauma, these pro-
cedures extend the range of patients able to receive inter-
ventional CVD treatment to age groups dominated by co-
morbidity and unacceptable risks for open surgery.1–4 The
downside associated with minimising access incisions lies

at the increased complexity and difficult manipulation of
the instruments and anatomical targets. These aspects can
be attributed to the loss of direct access to the anatomy
and poor visualisation of the surgical site. Steering compli-
ant catheters through a fragile cardiovascular system, under
the presence of slack and friction and under disturbances in-
duced by physiological motion is a complex and demanding
task. The physical and mental load associated with these
procedures could lead to human errors5 and suboptimal
outcome.6–8 Robotic system developers such as Hansen®
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Fig. 1. Building blocks on the way towards cognitive au-
tonomous catheter navigation.

Medical, Stereotaxis® or Corindus responded by offering
the clinicians ergonomic workstations from where robotic
catheters are steered via teleoperation. While these systems
reduce the physical load, improvements are still possible to
reduce the mental load of the surgeon, the surgical outcome
and the overall level of invasiveness of the procedure.

The CASCADE project is set to develop technology to
control catheters in a fully autonomous manner through-
out the vessel system. A great number of aspects need to
be mastered to this end. Fig. 1 indicates the different ele-
ments that have been identified and are elaborated upon in
the project. While every element can be seen to contribute
to the higher goal, it is believed that progress on individual
building blocks could create independent value on a shorter
term and improve the quality of robot-assisted, but also
manually-executed, interventions. Similarly, although CAS-
CADE focuses on TransAortic Valve Implantation (TAVI),
the followed approach and key technology could transfer to
other interventions as well.

The paper is structured as follows. After further ex-
plaining the clinical application and the case for robot-
assisted treatment (Sec.2) an overview of the progress per
building block is offered in Sec.3-7. Finally, conclusions and
directions for further work are sketched in Sec.8.

2. Case for Robot-Assisted TAVI

2.1. Clinical aspects of TAVI

Aortic stenosis is the most common condition requiring
valve surgery in the developed world. The incidence of
aortic stenosis is increasing due to an aging population.
Only in the US, about 85000 aortic valve replacements
are performed annually.9 When the aortic valve is partially
stenosed the strain on the heart muscle increases and the

heart function eventually decompensates. Survival rates af-
ter the onset of symptoms in severe aortic stenosis are dis-
mal, as low as 50% at 2 years and 20% at 5 years.10 Surgical
aortic valve replacement (AVR) is the current standard of
care, but it has been estimated that between 30% and 60%
of patients do not undergo AVR, owing to advanced age,
left ventricular dysfunction, or the presence of multiple co-
existing conditions.11,12 However, with surgical treatment,
the prognosis is excellent if the patient is otherwise in rel-
atively good condition.

Patients with high peri-operative risks that were pre-
viously classified as inoperable, can now be operated with
Transcatheter Aortic Valve Implantation (TAVI).1–4 When
the transfemoral approach is followed, as depicted in Fig.2,
a guidewire, sheaths and catheters are introduced into the
femoral artery and navigated through the vessel system.
The main function of the guidewire is to find and establish
a passage through the remaining opening of the native calci-
fied valve. Typically a certain number of attempts are made
to cross the opening. The interventionalist will try to limit
the interaction force during these attempts so as to mini-
mize the risk for calcium dislodgement. After the guidewire
is put into place a catheter with embedded balloon is ad-
vanced by sliding it over the guidewire. When centered at
the level of the native valve, the balloon is dilated to create
space. A delivery catheter with valve implant is advanced
next. The interventionalist will manipulate this catheter so
that the implant is aligned perpendicular to and
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Fig. 2. Transcatheter Aortic Valve Implantation; [left] aor-
tic anatomy, trajectory followed by valve placement catheter;
[right-up] fluoroscopic image of aortic annulus, balloon dila-
tion to make place for valve implant; [bottom-right] view upon
stenotic aortic valve.
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centered with a plane through the aortic annulus. During
valve delivery, valve positioning is based on fluoroscopy.
Direct visualisation of the native valve itself is here diffi-
cult, but due to the nature of the disease, most stenotic
valves are calcified. As calcium is visible, the intervention-
alist may infer the position of the valve and the annulus
from observing the calcium. Additionally, angiography dye
may be injected to clarify the valve position. Depending on
the manufacturer of the valve implant the valve is self- or
balloon-expanded. Care is taken to keep the implant well-
aligned during this expansion. During the implantation the
heart is typically arrested for this purpose.

Transfemoral TAVI is less invasive for the patient than
an open procedure or a transapical approach, but presents
considerable challenges and risks for surgeon and patient:

• operation under low-quality two-dimensional view with
limited soft-tissue discrimination;

• patient and surgeon are exposed to ionizing radiation
from imaging;13 the contrast agent that is used to im-
prove visualisation is demanding for kidneys and could
cause allergic reactions;13

• bad controllability of catheter; limited bandwidth due to
slack, friction, and catheter compliance;

• little control over interaction forces, possibly causing dis-
lodgement of plaque or calcium, tissue damage or rup-
ture;14,15

• lengthy procedure involving many preparatory steps in-
cluding the introduction of a guidewire, of a catheter to
dilate the native valve, of a stabilizing sheet and so on;

• safety issues arise as the surgeon is working in a non-
ergonomic manner under high mental and physical load.

Interventionalists especially experience problems in finding
and crossing the opening into the native calcified valve.

• While attempting to cross the native valve undesirable
and intense contacts could arise, resulting in dislodge-
ment of plaque or calcium that, taken up in the blood cir-
culation, could end up in the brain and result in stroke;8

• to simplify crossing of the valve rapid pacing is applied to
arrest the heart temporarily, which should be cautiously
used and kept short (≤ 15s according to Webb et al.16);

• care must be taken that during the placement the im-
plant is well aligned and does not migrate inside the heart
or towards the coronaries. When inadequately positioned
the risk for damaging the heart muscle or blocking the
coronaries grows. Morena et al. reported an overall mor-
tality during the procedure of 2.3%;6

• if the cathether and associated valve is badly oriented
this may lead to paravalvular leakage.7

2.2. Objectives for robot-assisted TAVI

While some of abovementioned issues are addressed by
state-of-the-art robotic technology;17,18 existing commer-
cial solutions such as those provided by Hansen® Medical,
Corindus or Stereotaxis® are neither intended for TAVI

nor fit for such dynamic and precise control.17 From discus-
sions with clinicians the following needs were established.
A solution is needed (a) dedicated to TAVI, preferably of-
fering broader use in other catheter procedures; (b) that
is less dependent on damaging imaging techniques such
as those relying on x-ray or contrast agent; (c) offers im-
proved awareness of and control over the interaction be-
tween catheter and vasculature; (d) allows more detailed
control of the catheter tip, leading to an improved valve po-
sitioning and alignment quality. (e) cuts down in execution
time, e.g. by omitting the use of a guidewire; (f) releaves the
need for rapid-pacing to arrest the heart and that (g) of-
fers more ergonomic operation, reducing both physical and
mental workload. To address these clinical needs, in accor-
dance with the basic vision expressed in Fig.1, CASCADE
works to progress the following key technologies:

• catheter actuation (SubSec.4.1);
• intra-operative sensing (SubSec.4.2);
• intra-operative modeling (Sec.5);
• skill analysis and planning (Sec.6);
• advanced robotic control (Sec.7),

towards a new type of cognitive catheter that is able to au-
tonomously navigate through the vessels and, in the envi-
sioned use case, is capable to adequately position and align
valve implants. A dedicated software framework and care-
fully engineered virtual and synthetic test-beds, discussed
in Sec.3, form key enablers to support and speed up the
development in this highly interconnected task.

3. CASCADE software framework, virtual
and synthetic test-beds for prototyping
catheter-based interventions

This section briefly describes the CASCADE software
framework (SubSec.3.1), the virtual reality (SubSec.3.2)
and synthetic test-beds (SubSec.3.3) that have been devel-
oped to facilitate deployment and prototyping of the differ-
ent hardware and algorithms. These building blocks are key
for structured and efficient development and validation.

3.1. CASCADE software framework

Fig.3 introduces the software framework that has been built
by the system integrators.19 The framework was designed
addressing two major types of users. At one side it provides
the environment and tools to support efficient software de-
velopment and prototyping; at the other side it serves as
the main interface to interventionalists who now receive ac-
cess to a vast amount of data including clinical data, sen-
sory, possible steering actions, guidance keys that must be
handled with. In close collaboration with the clinicians and
the developers the specifications for the different visualisers
and interfaces have been defined, evaluated and refined.
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Fig. 3. View upon CASCADE development environment: [left]
software components and functionality can be switched online.
Developers have access to raw data and communication signals.
[right] user interface, different visualisers can be selected to as-
sist in catheter steering or planning. The Aorta3DViewer shown
here displays the active 3D mesh, the aorta centerline. Parts of
the mesh selected for finite element analysis are highlighted.

To ensure reliable control and timely operation of com-
ponents and catheters the framework is designed following
a component-based philosophy. All functionality is encap-
sulated in loosely coupled components. The ROS messag-
ing system is used to communicate between components.
Components that require hard real-time operation rely on
OROCOS for correct and timely functioning.

The system design follows a three-tier architecture,
whereby components are allocated to one particular tier.
This enables a clear and logic separation of system parts.
The interface, depicted in Fig.3, supports efficient software
development and debugging. Components can be switched
on and off on the fly allowing quick configuration of the
system for any particular test.

An abstraction layer is installed making abstraction of
the actual hardware components that are being used. In
fact, software components are ignorant as to whether they
are communicating with a real catheter and testbed or with
a virtual one described in next SubSec.3.2. It is good prac-
tice to consistently validate algorithms in the virtual reality
system before directing the communication to the hardware
to conduct real-world experiments.

3.2. Virtual Reality Environment

While the catheter is inserted into the vasculature, it flexes,
bends and adapts its shape to the surrounding vessel. The
overall interaction with the vessel is highly complex and
cannot be captured by a simple set of analytical formulas. A
virtual reality environment has been built to simulate this
behaviour and speed up development and testing. Com-
pared to real-world experiments, simulations in a virtual
environment are more practical as they hardly require setup

time. Data can be logged, replayed and analysed. Experi-
ments can be repeated as much as needed, exotic scenar-
ios can be simulated easily. Of strategic importance is the
availability of ground-truth information which allows un-
ambiguous verification of performance of algorithms. The
realism of the simulation environment is of course crucial
as it determines the confidence one can attach to analyses
that have been conducted.

Different algorithms have been proposed in the liter-
ature to simulate guidewire or catheter behaviour. Meth-
ods have been proposed based on mass-spring models,20,21

the Finite Element Method22 or discrete versions of the
Elastic Kirchhoff Rod theory.23,24 CASCADE progresses
the work by Konings et al. who predict the behaviour of a
guidewire by minimizing the joint energy of guidewire and
surrounding vessel.25–29 The underlying idea is that since
the overall motions are relatively slow, a quasi-static ap-
proximation of the catheter/vessel complex is justifiable.
Under this assumption the catheter comes at rest in an
equilibrium state after each simulation step. The shape it
will take on is one where the aggregated energy (of catheter
and vessel) is minimal. The algorithm of Konings et al. was
expanded towards catheters featuring multiple active DoFs.
It was used amongst others for prototyping novel catheters,
generating data-sets for machine-learning, but also for user
tests and catheter control experiments.30–32 Figure 4 gives
a view upon the virtual reality simulation environment that
was developed featuring apart from a 3D-viewer a.o. a flu-
oroscopy viewer providing familiar images to the clinicians.

Fig. 4. Virtual reality simulation environment developed
within CASCADE, used for rapid prototyping of novel catheters
and algorithms. In the present view, sensor-based reconstruction
of the catheter shape (green line) is evaluated by comparison
with the simulated ground-truth (black/grey line). [left] fluo-
roscopy viewer - [right] 3D viewer of catheter in aorta.
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3.3. Development of synthetic perfused
test-bed

A higher level of evidence or confidence is associated with
real-world experiments. Both from an ethical viewpoint as
for practical reasons it is opportune to invest in the develop-
ment of dedicated synthetic testbeds to validate algorithms
and hardware. Requirements for such testbeds are:

• accurate vessel geometry - containing ascending aorta
with left and right coronary artery bifurcation, aortic
arch with brachiocephalic, left common carotid and left
subclavian artery, abdominal aorta with mesenteric, left
and right renal and common iliac artery;

• realistic mechanical properties, resulting in typical nat-
ural catheter behaviour and vessel deformation under
physiological phenomena and catheter interaction;

• possibility to simulate risk prone areas such as aneurysms
or calcification;

• compatibility with novel catheters and sensors; a.o. with
MR, CT, electromagnetic tracking and ultrasound;

• good transparency, allowing visual confirmation of the
catheter and the use of cameras to simulate fluoroscopy.

To meet the requirements several testbeds were engi-
neered as summarized in Table 1. All testbeds were built
from real patient data. CT data was segmented using the
Mimics Innovation Suite® (Materialise NV). This data was
also used in the VR environment (SubSec.3.2) allowing
comparison and transfer of learned knowledge.

Rigid 3D models were made from stereolithography
(SLA, wall thickness 2 mm, surface smoothing and cosmetic
finishing step, Fig.5.a,b). 95% of the surface elements were
confirmed to lie within an interval of [−0.5, 0.5] mm from
the original model. So the CAD data could be used as a
ground truth for the geometry of this model.

Table 1. Summary synthethic test-bed properties prepared in
CASCADE, legend: [×] pass; [o] borderline; [ ] not investigated

fu
ll

a
o
rt

a

d
ef

o
rm

a
b
le

ro
b
u
st

tr
a
n
sp

a
re

n
cy

U
S

co
m

p
a
ti

b
le

ca
lc

ifi
ca

ti
o
n

SLA Fig.5.a/b × × ×
HeartPrintTM Fig.5.c/d/e/f × × o o × ×
HybridSiliconCast Fig.5.g × × × × ×

For more advanced experiments deformable models
were used. A first set was printed from HeartPrint�Flex
(wall thickness 1.5 mm). The mechanical properties ap-
proach those of the human vasculature33 as was veri-
fied through uniaxial tensile tests. Utilizing multimaterial

inkjet, 3D printing calcifications can be incorporated into
this model (Fig.5.e). Additionally, the model showed ex-
cellent US compatibility. Fig.5.f shows also the calcifica-
tion clearly. However, the robustness of this material was
restrictive for the purposes of CASCADE, where unlim-
ited passage of catheters is required. Therefore a mod-
ular setup was made (Fig.5.c/d) to easily replace dam-
aged parts. In parallel, a novel hybrid silicon casting tech-
nique was developed showing superior robustness and excel-
lent transparency (Fig.5.g), good ultrasound compatibility
and mechanical properties. Embedding calcifications is less
straightforward and was not attempted at this point.

A dedicated perfusion system is built and connected
to the synthetic vasculature. Water with added Calcium is
used for perfusing, not jeopardizing the visibility and at
the same time offering good ultrasound properties and low
friction. A support was designed to provide anatomically
correct positioning of the testbeds, yet allowing realistic de-
formation and motion of the testbed upon perfusion, repli-
cating physiological motion from heartbeat and breathing.

4. Self-aware dynamic catheters

Excellent dynamic properties are needed in order to pre-
cisely align a valve implant while the heart is still beating
(SubSec.4.1). Also, good knowledge of the own pose (shape)
with respect to the surrounding vasculature helps determin-
ing appropriate steering actions. This section describes the
progress in catheter development towards catheters that
can safely operate in dynamic and deformable environ-
ments such as the vasculature. Reducing the dependency
on damaging imaging techniques could be done by making
the catheter self-ware which would imply embarking intra-
operative sensors to the catheter (SubSec.4.2).

4.1. Fluidic actuation

Traditional cable-actuated catheters suffer from friction
and non-isotropic behaviour. These effects complicate dy-
namic coordinated control of the distal degrees of free-
dom (DoFs) and make it difficult to maneuver the catheter
precisely in fragile and dynamic environments such as in
the vicinity of the aortic annulus.34 Several researchers
have looked into catheter control in a dynamic context.
Kesner et al. introduced an approach for mitral valve re-
pair featuring motion-compensation to account for heart
beat.35,36 The said system is appealing, yet only deals with
a single DoF, thus not allowing adjustment of the orienta-
tion. Vrooijink et. al. proposed a robotic delivery sheath
for transapical TAVI.37 Similar to traditional commercial
robotic catheters, its tip is articulated by two pairs of an-
tagonistic tension wires. Friction and backlash within the
system limit the dynamic range. This limitation will be
even more pronounced when moving towards transfemoral
TAVI. Shape Memory Alloy (SMA)-based solutions38,39

also have limited dynamic response due to the thermo-
mechanical phenomena involved. SMA actuation compares
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(a)

(b) (c) (d)

(e) (f)

(g)

Fig. 5. View upon 3D printed testbeds - (a)/(b) CAD and printed rigid SLA model; (c)/(d) CAD and printed HeartPrint�Flex
model; (e)/(f) multimaterial inkjet 3d printing with HeartPrint�and IVUS image. Calcifications visible in (e) appear clear in
corresponding IVUS image (f); (g) Aorta model by new hybrid silicon casting technique showing good transparency and flexibility.

favourably to cable-based approaches when many active
DoFs are needed. As the number of cables rises latter
catheters become increasingly stiff, making it easier to dam-
age surrounding tissue. For a fairly recent survey of robotic
catheters please refer to Fu et al.40 Fluidic actuation, as
introduced by Ikuta et al., is among the more appealing ap-
proaches as the associated compliance offers a certain level
of intrinsic safety.41 At the same time raising the number of
DoFs does not necessarily imply that the catheter becomes
prohibitively stiff. Keeping the overall dimensions low is a
challenge though. Whereas, Ikuta made use of a series of
bellows supplied by a single pressure line, the authors have
been developing more powerfull fluidic catheters employing
McKibben muscles.42

Fig. 6. Picture and CAD design of distal section of fluidic actu-
ated catheter and connector;42–44 four antagonistic McKibben
muscles inside a nitinol structure that acts as return spring.

The Virtual Reality environment has been used to de-
termine appropriate location, length and bending charac-
teristics of the muscles for integration in a catheter for
TAVI.30 The muscles were built in-house and integrated
into an outer nitinol backbone structure forming an active
bending element. Fig. 6 shows the distal part of a with
two 2DoF bending segments. The actuator bandwidth was
found to exceed 8Hz.44 The displayed catheter has 7mm
outer diameter whereas 6mm is the indicative diameter pro-
vided by the clinicians. Since then,42,43 new muscles have
been designed with similar or better bending properties
only requiring 1.2mm diameter. This opens perspectives
for further catheter miniaturisation.

4.2. Intra-operative sensing

As the vasculature is compliant and subjected to deforma-
tions from physiological phenomena (heartbeat and breath-
ing), but also undergoes deformation by the insertion of
guidewires and catheters, it is dangerous to rely solely on
pre-operative data for navigation. In clinical practice inter-
ventionalists rely on fluoroscopy and on injection of con-
trast agent to get a better sight on the anatomy of the vas-
culature. In order to reduce the dependency on fluoroscopy
it is possible to embed relevant sensors directly into the
catheter. Based on intra-operative sensing up-to-date mod-
els of the catheter and the surrounding vasculature can be
built; the topic of section 5. A distinction is made between
sensors for proprioception (subsection 4.2.1) and those for
exteroception (subsection 4.2.2).

4.2.1. Sensors for catheter proprioception

A good understanding of the entire 3-dimensional catheter
shape is essential for taking sensible navigation decisions
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and e.g. avoid risk-prone areas. A convenient way to achieve
such proprioception or shape sensing would be by means
of a set of electromagnetic tracking sensors (EMT, Au-
rora, NDI Medical). A number of miniature sensors could
be distributed over the catheter length. In CASCADE for
example an EMT sensor is integrated at the catheter tip
(Aurora Micro 6 DoF, 0.8mm O.D, Fig.7(a)), at convenient
distances along the catheter length other sensors (5 Aurora
5 DoF sensors, 0.5mm O.D) are integrated. The EMT sen-
sors measure their (and thus the catheter’s) pose at 40 Hz,
with a precision of about 0.9 mm and 1 deg within the field
generators’s working volume. An adequate distribution of
EM sensors was found through simulation in VR. Recent
shape sensing technology (Fig.7(e)) based on fiber bragg
grating45 bears great promise,46 but is still costly.

4.2.2. Sensors for exteroception

To observe the vasculature from within the vessel one could
make use of IntraVascular UltraSound (IVUS) sensors. For
example the Visions PV.035® (Volcano Corp., CA, USA)
provides a 30mm radius cross-sectional view at 20Hz up-
date rate of the vessel along a section perpendicular to the
probe. Forward Looking IVUS probes (FLIVUS) would be a
great use as well, but are still under development47 and are
not yet available commercially. The flow gives additional in-
formation about the relative pose w.r.t. the vessel wall. For
example flow meaurement could be a contact-less approach
to reveal the opening into the calcified valve. Fig.7(d) gives
a view on a catheter with flow sensor (TrackCath, Medyria
AG) that has been used within CASCADE.

Force sensing could further improve safety and aware-
ness of the environment. Especially at the catheter tip large
contact stresses could occur, possible causing tissue dam-
age, vessel rupture or calcium dislodgement. A fiber optic
tri-axial force sensor (TactiCath�, SJMG, 3.5mm O.D., 1g
resolution, 7(b))) based on the Fabry-Perot principle is a
commercially available solution that was used.

(b)

EMT

PV 0.035

Flow sensor
TactiCath EMT

EMT

6 Fr(a) (c)

(e)

(d)shape sensor

Fig. 7. Selection of sensors/catheters for intra-operative mea-

surement (a) 6DoF EMT sensor (Aurora® NDI); (b) Tacti-
Cath�; (c) catheter with IVUS and EM; (d) Flow sensing
catheter w. embedded EMT; (b,e) force-sensing catheter w. EM.

5. Intra-operative modeling

Self-aware catheters acquire timely, possibly more detailed
information about the inside of the vessel. By using this
information it becomes possible to provide additional in-
sights and enhance the user or controller’s awareness of
the catheter/vessel system. This could potentially lead to
more appropriate and safer navigation. The different intra-
operative modeling techniques described in the following
are examples of how the intra-operative (intravascular)
sensing could be exploited advantageously.

5.1. Automatic registration of pre-operative
data

A first obvious expansion of current surgical practice
would consists in making better use of the pre-operatively
acquired MR/CT data to augment the limited two-
dimensional images obtained from fluoroscopy. The ad-
ditional contextual information would help planning fu-
ture actions. For this to work both datasets need to be
aligned or registered properly. A review of the basic regis-
tration schemes is provided by Sra et al.48 Current regis-
tration methods, including those applied on catheter proce-
dures,49–51 require a significant amount of human interac-
tion. As this is both time-consuming and error-prone these
methods are hardly applied in clinical practice. To more
readily integrate the registration process into the surgi-
cal workflow, it is desirable to have automatic registration,
where user involvement is limited to supervision.

Through the use of catheters with intra-operative (in-
travascular) sensing capability becomes possible. For exam-
ple in earlier work, Zhong et al. used IVUS to automatically
collect a dense point cloud52 that is then registered to the
pre-operative data using the Iterative Closest Point (ICP)
algorithm. While reducing the efforts for registration, user
interaction is eliminated with Zhong’s appraoch. This is
because ICP is sensitive to outliers and requires a suitable
initial registration guess to work properly.

Data from the sensors attached to the catheter, as de-
scribed in 4, are used to facilitate automatic registration of
pre-operative MR/CT images. A fast, global registration al-
gorithm is proposed53 that is entirely automatic and could
run continuously in the background spawning updates and
improvements at regular intervals. The proposed algorithm
is a branch-and-bound stochastic algorithm adapted from
Papazov et al.54 The pre-operative MR/CT data is pre-
processed and the Euclidean 3D distance transform is com-
puted for the voxelized mesh. The branch-and-bound algo-
rithm is applied next. The sampling method is refined to
get a more uniform sampling of the transformation space.
Also the cost function is adapted. In order to quickly and
safely obtain sufficient intra-operative data on the vascula-
ture for performing an accurate registration we propose not
only to consider the surface points, i.e. the points located
on the vessel wall, but also
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Fig. 8. Data-to-model registration result for (upper row)
EMT-force catheter, and (lower row) EMT-IVUS catheter. Sur-
face points are depicted in red and lumen points in green.

to account for lumen points. These are measurement points
of the catheter itself that do not contact the vessel wall. Un-
der the assumption that the catheter does not depart from
the vasculature these points provide information about the
location of the vessel lumen.

In the case of a sparse set of surface points, the pro-
posed registration algorithm53 is able to double the reg-
istration accuracy thanks to these lumen points. The al-
gorithm has been validated on the synthetic aorta model
described in SubSec.3.3. Fig.8 shows the result of the reg-
istration algorithm using EMT sensors (identifying surface
points and lumen points) and IVUS and force sensing (iden-
tifying only surface points) respectively. The total global
registration process achieved an average registration error
of 3.9 mm after 4.8 s computation for a catheter equipped
with force and EMT sensors, and of 5.1 mm in 7.4 s for a
catheter with embedded IVUS and EMT sensors. This is
comparable to accuracies needed for clinical application, as
reported by Dong et al.50 The computation time is limited
to a few seconds, and no time is added due to the regis-
tration process itself, since it does not interfere with the
clinical workflow.

5.2. Catheter shape reconstruction

Knowledge of the entire 3-dimensional shape of the catheter
could help planning and assessing risks associated with fu-
ture steering actions. At present interventionalists rely on
conventional monoplane fluoroscopy for online estimation
of the catheter shape. Apart from the exposure to radiation
and dependency on contrast agent, all depth information is
eliminated. Thanks to the EMT sensors that are embedded
along the catheter length an online 3-dimensional estimate
of the catheter shape can be obtained.

A first method makes use of a series of 5-DoF EMT
sensors embedded along the catheter length. These sensors
provide pose information at discrete locations along the
catheter body, which through a nonlinear cubic spline fit-

ting, gives a 3-dimensional estimate of the catheter shape.
The objective function used in this fitting tries to mini-
mize the pose error, maintain the known distances between
the sensors (assuming incompressibility along axial catheter
length) and reduce the overall bending energy of the result-
ing curve. Figure 9 shows an example of EMT-based shape
reconstruction in the VR environment. Note that when in-
serted deeper into the aorta, the error rises at the proximal
part of the catheter, whereas prediction accuracy at the
distal part remains of acceptable quality.

Fig. 9. EMT-based shape reconstruction during virtual
catheter insertion; red curve showing ground-truth. The re-
construction RMS errors and Hausdorff errors are respec-
tively [left] erms=0.46mm, eh=1.34mm, [center] erms=0.61mm,
eh=1.41mm, and [right] erms=1.61mm, eh=4.39mm.

A second approach fuses EMT data with a catheter
tracking algorithm based on fluoroscopy. The main ratio-
nale is that if fluoroscopy is present anyway, its use can
at least be reduced to anatomical risk-prone areas where a
highly accurate and reliable reconstruction of the catheter
shape is required. Using a B-spline tube model55 within a
probabilistic framework derived from Bibby et al.’s work,56

the 2D dense information extracted from fluoroscopic im-
ages is combined with the 3D discrete pose of the EMT sen-
sors. In constrast to fluoroscopy-based sensing, the fused
approach offers a full 3-dimensional catheter shape esti-
mate. On the other hand, compared to pure EMT-based
shape sensing, the fused approach is to show greater robust-
ness and accuracy, as the reconstruction algorithm becomes
less sensitive to internal and external electromagnetic inter-
ferences. It relieves the need of using dedicated shielding
or performing tedious calibration procedures that aim to
compensate for electromagnetic field distortion errors57,58

do not integrate well with the current surgical workflow.
Promising results for the second approach were obtained
from CASCADE’s VR simulation environment as shown
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Table 2. Evaluation of shape reconstruction er-
rors [mm] using EMT-based and fusion approaches
for different catheter insertion lengths L [mm]
and number of EMT sensors in VR simulation.

L # sensors erms,emt erms,fus eh,emt eh,fus

175 3 1.17 0.59 1.52 0.88
275 4 2.06 1.68 3.96 3.40
385 5 2.76 2.31 4.46 4.43
485 6 1.56 0.88 3.24 1.79

in Fig.4. Table 2 summarizes the RMS and Haus-
dorff distance between the simulated ground-truth and
the reconstructed catheter using respectively the first
(erms,emt,eh,emt) and the second (erms,fus,eh,fus) approach.
Note that white noise with standard deviation of 1.5mm
was added to the virtually generated EMT sensor data in
order to simulate electromagnetic disturbances.

5.3. Intra-operative geometric environment
modeling

Whereas the methods from SubSec.5.1 and SubSec.5.2 al-
ready reduce the dependency on X-ray fluoroscopy and
contrast agent, they do not yet exploit the full poten-
tial of intra-operative sensing. Inspired by robotic tech-
niques such as SLAM (Simultaneous Localisation and Map-
ping) whereby without any prior knowledge a robot moves
through its environment and incrementally builds up a 3-
dimensional map of its surrounding, CASCADE introduces
SCEM: ‘Simultaneous Catheter and Environment Map-
ping’.46 SCEM is a robust and real-time vessel reconstruc-
tion scheme for endovascular navigation based on IVUS and
EM tracking. The concept is similar to SLAM, the catheter
moves up from the groin, scans the environment - the sur-
rounding vessel - by using IVUS and stitches the obtained
2-dimensional scans to each other to form a 3-dimensional
representation of the vessel wall. In principle, a full up-
to-date reconstruction of the vessel could be done in such
manner completely eliminating the need for fluoroscopy.

A number of processing steps, depicted in Fig.10, are
necessary to reliably extract the vessel contour out of the
raw IVUS image. Once the contour is obtained, it can be
expressed in the absolute coordinate frame of the EM field
generator through a simple kinematic transformation (an
EMT sensor positioned within the lumen of the IVUS sen-
sors provides the absolute pose of the US probe). Scans can
then be stitched to form a closed 3D vessel model.

Fig. 10. Different processing steps to extract the geometry of
a cross-section of the vessel wall out of an IVUS image. The ob-
tained scan is stiched subsequently to previous scans to obtain
an intra-operatively obtained geometric vessel model.

Whereas the earlier methods treated observations from
IVUS and EM as exact,46 the newer methods take uncer-
tainty into account. This allows reduction of the method’s
vulnerability to errors in the observations and abrupt
catheter motion. The latest method first extracts from the
IVUS image the contour which represents the inner cross
section of the aorta. Then, the vessel reconstruction is for-
mulated as a nonlinear optimisation problem by considering
both the IVUS contour and the EM pose as observations,
as well as pre-operative vessel morphology. By considering
the errors and its corresponding uncertainty of the measure-
ments in the optimisation, the proposed SCEM algorithm
is more robust and accurate. Especially in the presence of
abrupt catheter motion a significant improvement can be
noticed. The experiments on the testbed of which the out-
come is depicted in Fig.11 show that the proposed SCEM
algorithm results in a much smoother reconstruction.

5.4. Mechanical modeling

Up-to-date geometric vessel models only capture part of
the interaction between the vessel and the catheter as
they do not provide a measure of the forces that are ex-
erted. If stresses incurred upon the vasculature are too
high this could lead to dangerous situations: tissue damage,
vessel rupture, dislodgement of calcium or atherosclerotic
plaque.14,59
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(a) IVUS/EM (b) Proposed (c) Uncertainty 

Figure 5. The results for the soft Phantom with sudden movement. The 3D reconstruction results by fusing 
IVUS and EM without (a) and with optimisation (b) with errors in the colour map, and the uncertainty map in 
(c). 

Fig. 11. 3D vessel reconstruction results with abrupt catheter
motion (errors in mm); (a) previous implementation46 - (b) cur-
rent version considers uncertainty and pre-operative vessel mor-
phology

Through Finite Element Modeling (FEM) of both the
vessel and the catheter it would be possible to get an im-
proved understanding of these aspects. Within CASCADE
efforts have been paid to allow real-time evaluation of fi-
nite element aorta models for intra-operative use. Which
such technology interventionalists could re-plan actions and
e.g. retract the catheter when observing rising stress lev-
els. Similar, advanced control schemes could automatically
limit the interaction forces while steering or following tra-
jectories that give rise to lower stress.

Creating a real-time FEM model of the vasculature
is far from trivial. Starting from a general approach by
Gregson et al.60 several attempts and modifications were
made to generate a high-quality hexahedral mesh of the
aorta. While the minimum element quality was improved
substantially (scaled Jacobians higher than 0.1), this was
found still insufficient for proper use. Further improvements
are needed. A general purpose graphics processing unit
(GPGPU) implementation of the Total Lagrangian Explicit
Dynamic (TLED) algorithm61 for soft tissue FEM simula-
tion was then made62 as it possesses good parallellization
potential. Fiber reinforced nonlinear constitutive models63

necessary for simulating aortic tissue were implemented and
tested in the TLED. Despite its efficient implementation
this FEM analysis is computationally intensive, hence a
method was designed to allow fast online selection of a spe-
cific region of interest of the aorta. Clearly the area around
the catheter tip is of particular interest as large stresses
could easily develop between the tip and the vessel. Fig.3
shows the result of a selection around the tip region. In
addition, a global deformation algorithm was developed.
Based on an updated aorta centerline that could e.g. be
obtained as an outcome of the SCEM algorithm, the entire
aorta mesh is updated ( Fig.12). Then the updated region
of interest is selected for computation. Provided effors are
made to increase the mesh quality, this algorithm is be-

lieved to be able to provide real-time realistic estimates of
interaction forces and stresses. Initially the focus would lie
on the region around the catheter tip. In a later stage larger
contact areas would be computed.

Fig. 12. Real-time update of aorta mesh accounting for global
deformation; input is here an updated geometric model (aorta
center-line) e.g. obtained from SCEM. The original aorta mesh
is depicted in grey; overlay of mesh in red.

5.5. Detection of risk prone areas

Regions with plaque or calcification deposits, risk prone
areas that are highly complex and difficult to model are
better avoided all together. Based on estimates of the loca-
tion of these areas e.g. from pre-operative computer tomog-
raphy (CT), safer trajectories around such areas could be
planned. Alternatively it is possible to use the embedded
sensors to directly measure and steer around these areas.

Related to the first approach, different approaches for
detecting calcification in CT images based on supervised
machine learning were considered. With the so-called pixel-
wise approach, each pixel in the image is treated separately
as a sample that is classified based on statistical properties
from the local neighbourhood. A classifier such as a support
vector machine (SVM) can be used here. In contrast, with a
segment-wise approach, the image is over-segmented. Sim-
ilar pixels are clustered prior to feature extraction. Each
segment is then classified as a whole. The simple linear it-
erative clustering (SLIC)64 technique has been investigated.
SLIC can be tuned by selecting an appropriate amount and
an appropriate level of compactness of the segments. In
general, over-segmentation reduces the amount of training
samples needed to train the classifier. Instead of classifying
pixels, whole segments are treated as input for the clas-
sifier. The distribution of intensity values in the segment
is used as property. Calcified segments with high intensity
values are separated from non-calcified ones with low in-
tensity values. The classification is done on each CT slice
separately by an SVM with a linear kernel. With the trans-
formation matrix embedded in the CT slices, the points of
detected calcification are projected into 3D space. The true
predicted calcifications are shown in Fig.13 along with the
mesh that is generated out of the same CT data.
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Fig. 13. True positive calcification in 3D aorta mesh.

Through appropriate registration or intra-operative
modeling techniques such as described in SubSec.5.1 and
SubSec.5.3 the predicted calcification regions could be up-
dated estimating the intra-operative distribution.

Alternatively, risk prone areas can be measured di-
rectly, e.g. through intravascular ultrasound. In fact, IVUS
is considered as the gold standard to detect calcifications65

(see also Fig.5(f)). Further, it is clinically known that
plaques within the aorta are more likely to occur in close
proximity to its branches.66,67 Branch detection and auto-
matic highlighting thereof could help increase the aware-
ness of these risky areas. Previous approaches in branch
detection in IVUS images and sequences have used shape-
driven methods68 and classification techniques.69 However,
these have mainly focused on the coronary arteries. Intra-
operative use of such segmentation and classifiers is diffi-
cult due to their computational complexity. In the CAS-
CADE framework, the focus has been on devising effective
branch detection methods based on the lumen shape and
the Radon transform. The methods are computationally
inexpensive and allow for real-time processing on IVUS
images that are obtained anyway as the robotic catheter
advances towards the aortic valve.

6. Skill assessment and planning

A direct translation of the available geometric, mechanic
and anatomic information towards adequate steering ac-
tions is difficult to achieve. The catheter invariably follows
a complex path, whereby it is often impossible to avoid
touching some risky areas. Through long years of training,
experienced interventionalists have learned to understand
which areas can be contacted and what level of contact is
acceptable. It is crucial that an autonomous system pos-
sesses a similar skill allowing it to make these same trade-
offs in a sensible and timely manner. In an attempt to cap-
ture this knowledge a teleoperation system has been built
(described in 6.1) to allow intuitive steering of the catheter
and to allow recording of the commanded steering actions.
This information can then be used to evaluate the surgical
skill (SubSec.6.3). By attaching the correct surgical episode

to a certain set of actions (SubSec.6.2) this information can
be put in context and as thus made more specific.

6.1. Teleoperation control and guidance

Several works have dealt with catheter teleoperation con-
trol in the past. Departing from a given mapping between
master and catheter DoFs, these works propose methods
to realize the said mapping so that the respective slave
DoFs track the corresponding master DoFs as close as pos-
sible.35,70 Little discussion took place as to which mapping
is good to start with. Especially when it concerns steer-
ing complex multi-DoF catheters in highly dynamic envi-
ronments this is an important question. Active catheters
typically combine proximal and distal actuation DoFs. But
the reference frame in which the distal section is defined
is constantly moving and rotating while the catheter is in-
serted. Tracking the motion of this distal section imposes
a significant mental load upon the surgeon. In contrast to
the CASCADE catheters, current manual interventions of-
fer limited maneuverability over the catheter’s distal DoFs.
Existing commercial robotic systems are not designed ei-
ther for working in such coordinated and dynamic fash-
ion. Next to the question how to intuitively map the user’s
steering commands, the question arises how the available
information can be offered to the user such that he/she
can take full advantage of it, allowing him/her to steer the
catheter with confidence in 3D space.

Fig. 14. View on basic teleoperation setup that has been used
to investigate intuitive and efficient catheter steering strategies.

To answer the first question, a teleoperation setup was
built as depicted in Fig.14. The system consists of a 2-DoF
catheter driver controlling insertion and roll of a catheter
with 2 pairs of antagonistic fluidic muscles at the tip (2 dis-
tal DoFs). An in-house built 4-DoF haptic joystick71 steers
the catheter DoFs. Although theoretically possible, clini-
cians advised against using the roll-DoF as such motion
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would entail a large intrinsic contact with the vasculature,
with consequent risks for plaque or calcium dislodgement.

In first instance three 3-DoF mappings M1, M2, M3
between master and slave DoFs were tested and com-
pared.43 In M1 three joystick DoFs are mapped to the in-
sertion (rate control) and the pairs of antagonistic muscles.
In M2 the distal bending plane (in which bending takes
place) and amplitude are controlled independently. This
requires proper coordinated control of the distal muscles.
The rationale behind M2 is that the catheter curvature is
more or less constant at the aortic arch, so that passing the
arch would require less user input. M3 takes into account
the roll motion that the catheter experiences while entering
the vessel. This roll re-orients the distal reference frame of
the pair of antagonistic muscles. Roll is available through
the 6-DoF EMT sensor that is embedded in the catheter
tip. It is then compensated for so that catheter tip bending
will be always take place in the same manner.

Experiments were carried out by an expert endovas-
cular surgeon.43 Multiple insertions were done in a flexible
aorta model. The experiments show that the user performs
better with M2, both in terms of time to reach the aortic
valve (p = 0.03), length of path (p = 0.01) and smoothness
of the movements (p = 0.03). Further experiments will eval-
uate positioning and alignment tasks in greater detail.

Experiments are ongoing to answer which haptic and
visual guidance cues are preferable and simplify catheter
steering task. Fig.15 gives an overview of a few visualisa-
tion screens the user gets access to.

Fig. 15. Visualisation of catheter experiment in rigid testbed
of Fig.5(b). Available 3-dimensional information allows gener-
ation of views from different perspectives including generation
of an endoscopic view (right up). The entire catheter shape can
be displayed using the catheter reconstruction from SubSec.5.2.
Arrows in endoscopic view show how joystick input would result
in motion of the catheter tip.

6.2. Episode segmentation

Optimal assistance depends on the specific context. Con-
trol objectives vary as the procedure progresses. For fully
autonomous motion the controller should thus understand,
account for and automatically adapt to the circumstances.

A detailed analysis of the surgical workflow lies at the base
of such cognitive system. Segmentation and identification
of surgical episodes or tasks can alert the surgeon intra-
operatively for difficult or risky areas within particular sur-
gical steps. This can facilitate intra-operative catheter con-
trol and decision making, helping to safely navigate through
a fragile and dynamic environment in the presence of large
uncertainty about its properties. The analysis of the surgi-
cal tasks can further help to quantitatively evaluate surgical
skill making the link to specific episodes.

Thus far, the analysis of surgical workflow has been
extensively studied for minimally invasive procedures. Sur-
gical tools,72 visual and anatomical cues73 as well as kine-
matic data74 have been used to recognise surgical phases
and actions. For cardiovascular procedures workflow analy-
ses have been scarce. The workflow of the TAVI procedure
was segmented by expert endovascular surgeons into 10 sur-
gical tasks including the placement of a pacing catheter and
a guidewire in the femoral vein, the introduction of an intro-
ducer sheath, the pre-dilation of the valve with a balloon,
the delivery of the artificial valve and the evaluation of the
valve positioning. The surgical task that was focused on
was the ‘Delivery of the aortic valve’ (the 8th task in line)
given its central role within the procedure. This task has
been further segmented into 6 sequential surgical gestures:
(1) catheter pushed up the descending aorta, (2) catheter
pushed around the aortic arch, (3) catheter pushed down
the ascending aorta, (4) catheter pulled-back in the ascend-
ing aorta, (5) catheter pulled-back in the aortic arch, (6)
catheter pulled-back in the descending aorta.

An on-line approach for surgical gesture recognition
has been developed.75 Descriptive Curve Coding (DCC)
was used to represent the 3D motion of the catheter in the
aorta with a set of motion words. To enable early recog-
nition of partially-observed gestures, integral histograms
of the motion words are generated to describe a surgical
task. The ‘dynamic bag-of-words’ approach has been used
to recognise surgical gestures, based on dynamic match-
ing of integral histograms considering the sequential nature
of gestures during surgical tasks. Detailed validation with
phantom data has been performed. The results derived jus-
tify the potential clinical value of the technique.75

6.3. Skill assessment

Sec. 2.1 outlined the challenges and risks of TAVI proce-
dures. A robotic system must replicate the performance of
an expert endovascular surgeon demonstrate its capability
to deal with these challenges and risks. By assessing surgi-
cal skills quantitatively, the technical knowledge of how an
expert surgeon performs a TAVI operation can be conveyed
to the robot for this purpose.

To achieve this, a novel system to evaluate surgical
skills is developed under CASCADE. Traditional methods
for evaluating surgical expertise consist out of written and
oral examinations, monitoring by experts of performance
during sessions on cadavers, animals, inanimate models or



August 1, 2015 9:59 general˙cascade˙paper

Cognitive AutonomouS CAtheters operating in Dynamic Environments 13

virtual simulators. Assessment takes place using standard-
ized grading scales or checklists. All methods require an
expert to observe and assign grades as the trainee executes
a phantom operation. Overall supervised assessment is in-
efficient in terms of time and resources required, as well
as subjective. Recent studies in laparoscopic minimally in-
vasive surgery suggest that the motion pattern of surgi-
cal instruments can be indicative of surgical competence.76

Inspired by this, we attempt to expand this analysis for
endovascular procedures and particularly TAVI.

(a) (b)

Participant Index
0 2 4 6 8 10 12

A
rc

h
 C

an
n

u
la

ti
o

n
 T

im
e 

(s
ec

)

0

50

100

150

200

250

300

350

400

450
Arch Cannulation Time (Novices vs Experts)

Novices (7=227.6 sec
Experts (7 = 41.2 sec)

(c)

Fig. 16. Preliminary investigation; (a) Tracking of catheter tip;
(b) Catheter tip tajectory; (c) Cannulation times of the aortic
arch for 6 novices (µ = 227.6sec) - 6 experts (µ = 41.2sec).
Experts perform more efficiently.

In principle, expert surgeons focus on three key tech-
nical areas during manual assessment of endovascular
trainees: 1) instrument handling and flow of operation; 2)
respect for tissue/ danger for damage; 3) use of imaging
modalities. Skilled surgeons operate surgical instruments
in a smooth continuous way without jerky and unneces-
sary movements. They demonstrate dexterity and are also
aware of the amount of force they exercise to the catheters
tip, when approaching sensitive areas of the vasculature
(calcifications, vessel wall and lesions) and ensure that no

danger appears for calcium dislodgement or vessel rupture.
Through appropriate processing the objective is to

produce quantitative metrics that represent these three
technical areas and can provide analogous information from
which surgical skill can be assessed. The novel catheter and
developed image and tracking algorithms can provide the
necessary information for accomplishing this.

Whereas in future work, CASCADE-enabled steering
mechanisms can be treated and evaluated, the aim at this
stage is to acquire as much as possible information from ob-
serving traditional interventions. Specifically, tracking the
catheter/guidewire in fluoroscopy images and the motion
relative to the vessel wall and the calcifications, will allow
evaluating the smoothness of motion, by analysing kine-
matic properties such as acceleration and jerk. It will also
give insight on safe navigation, away from the risky ar-
eas. Additional measures from the utilization of the imag-
ing modalities (fluoroscopy time, amount of contrast agent
used) combined with the kinematic properties will form a
basis for developing an objective method for evaluating sur-
gical skill. Preliminary results from a study where both ex-
perts and novice surgeons performed aortic arch cannula-
tion, on a silicon phantom model in which the catheters tip
was tracked in the video sequence, reveal that experts han-
dle the catheter in a more efficient way resulting in faster
cannulation of the aortic arch, as illustrated in Fig.16.

7. Advanced Control

7.1. Control of continuum robots

Given the difference in bandwidth between the distal fluidic
actuated tip and the other catheter DoFs in first instance
an approach was developed that focuses on the control of
the distal part of the catheter while making abstraction of
the catheter tail. Since the distal part has a large compli-
ance it was modelled with a Cosserat rod model. In previ-
ous work we developed fast computation schemes to obtain
the Jacobian and Compliance matrices of such continuum
robots.77 Here, we investigated means to use these mod-
els to reach good position and force control necessary to
precisely position a valve implant.

To demonstrate the validity of the adopted model the
distal catheter is mounted via a force sensor on top of an in-
dustrial robot (LWR, KUKA). A constraint-based task for-
malism78 was adopted to incorporate a plurality of relevant
objectives. Here, the flexible link and rigid robot were con-
trolled jointly so as to apply a reference force, while main-
taining a position constraint. Such position could present a
strategic location in the aorta e.g. selected to prevent the
catheter to contact a risk zone area.

Figure 17 shows the setup and the experimental re-
sults. The robot is commanded to move from an unloaded
configuration at t=0 s in contact with the wall (black line)
to a loaded configuration (t=20 s, dashed black line) while
the center-line of the mounting frame is maintaining a po-
sition constraint. The graph shows that a desired force can
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be applied (bottom), while the position constraint can be
held quite accurately (error shown in lower graph). It can
be seen that the orientation of the catheter (which is not
constrained) varies to a large extent. This implies that if a
certain force is to be exerted the resulting deformation of
the catheter tip is to be accounted for.

Current investigations focus on tailoring the method
to control the distal part of the catheter in the ascending
aorta. A safe landing zone at the aortic wall could serve here
as the base for the active distal catheter. Such approach
seems natural as it turns out that there is little variation
in how catheters enter and pass through the aortic arch
itself. Expanding the Cosserat rod model to describe the
catheter over its entire length is not straightforward as this
would require knowledge of all interaction forces over the
entire catheter length. Given the absence of a tactile skin
appropriate for this purpose, efforts are geared to estimate
forces from shape or simulation.

Fig. 17. Experimental control setup - flexible link À represents
the catheter distal section, mounted on ATI force sensor Á, at-
tached to KUKA LWR Ã via mounting stage Â. The robot
pushes a foamy surface Ä; close-up of flexible link in upper left
corner. The upper graph shows the interaction force between the
tip and the wall as a desired force step is commanded; middle
graph: evolution of tip orientation; bottom graph: position error
of the positioning constraint.

7.2. Autonomous catheter control -
minimum-energy approach

Obtaining an accurate kinematic map of robotic catheters
that are evolving in a constrained environment requires
detailed knowledge of all interactions between the robot
and the environment. Such interactions are complex, in-
trinsically distributed and depend on the properties of
both catheter and environment. In the absence of adequate
tactile skins, an approach based on a quasi-static predic-

tive model was developed.31 The method follows a mini-
mum energy argumentation to predict changes of catheter
shape upon varying robot/catheter actions. A number of
input commands are virtually applied and corresponding
catheter output motions are computed, thus probing the
input-output space. From this the differential kinematics
under the form of a Jacobian matrix is derived. This matrix
is then used in the controller to estimate the appropriate
input command for a desired output motion.

Fig.18 shows the outcome of a successful control ex-
periment in a 2-dimensional rigid mockup. Deviation from
the target trajectory, here the vessel centerline, can be ex-
plained by limitations in accuracy of the shape sensing used
in the feedback loop of the controller. A larger contribution
comes however from physical limitations of the employed
hardware namely the limited bending angle of the catheter.
A full insertion takes 734s. The experiment was conducted
in a two-dimensional environment since this makes it easier
to compute the error from the targeted path. Similar results
(and computation times) were obtained from experiments
conducted in the virtual reality simulator in 3D.

Fig. 18. In-vitro experiment of autonomous catheter naviga-
tion in 2D rigid mock-up. Catheter with single bending seg-
ment and bending angle limited to [−55°;50°]. [right up] View on
CASCADE platform. The camera viewer displays the detected
catheter contours and centerline (green lines). The catheter cen-
terline is registered to the mesh coordinate frame and sent
to the minimum energy model and associated controller. The
registered catheter shape visible as red tube in 3D viewer;
[left] tip position (red line) and target path (black line); [bot-
tom] Tracking errors: Hausdorff error, mean error and stan-
dard deviation, and RMS error respectively: eh=12.073mm,
em ± std=4.0 ± 2.032 mm and erms=4.756mm.
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7.3. Autonomous catheter control: a
data-driven approach

Machine learning techniques can be adopted to learn the
input-output behaviour of the catheter inside vessels of
artificial mock-ups directly from the data. A data-based
catheter steering method was proposed and tested through
a 2D deformable aorta mock-up and a catheter drive
system. Whereas the methods have been applied on a
cable-driven catheter TactiCath�(SJMG), the proposed
approaches are more general and would transfer also to
the McKibben-based or other actuation systems.

The catheter is modelled using joint probability densi-
ties, which are represented by mixture of Gaussians. A Dy-
namic Gaussian Mixture Model (DGMM) served for prob-
abilistic representation. DGMM is the extended version of
the standard Gaussian Mixture Model (GMM), which al-
lows dynamic variation of the number of Gaussian com-
ponents in the model.79 This helps capturing multiple re-
lationships among variables of the catheter model. Addi-
tionally, the online methods implemented in DGMM al-
low updating the model incrementally as more data is ac-
quired, making DGMM a good candidate for a system that
learns continuously. During training of the joint probability
distribution, different features of the catheter such as the
catheter tip position, the catheter shape and the bending
angle are captured and used as input data to the model.
The trained model and steering approach are tested by a
centerline following experiment in a 2D deformable aorta
mock-up. The detected features of the catheter and the ex-
perimental results are shown in Fig. 19. The euclidean dis-
tance error of the catheter tip is typically between 0 mm
and 6 mm, except for a time interval with an error of up to
12.2 mm. This could be caused by the friction and inter-
action between the catheter and the mock-up. The mean
euclidean distance error is 7.63mm.

Fig. 19. In-vitro experiment of autonomous catheter naviga-
tion in a 2D deformable mock-up, with single bending segment
and bending angle limited to [15°;70°]. [left] The camera image
displays the detected catheter distal section (red line), catheter
tip (red dot), catheter body (blue line) and aorta centerline
(green line); [right] The tracking error is calculated between the
catheter tip and the aorta centerline after each steering action.

8. Conclusions and future work

Advances in miniaturized surgical instrumentation are key
to less demanding and safer medical interventions. This pa-
per aims to report on the progress that was made within
the EU-funded CASCADE project towards autonomous
catheter steering. Without being exhaustive, progress is
sketched in terms of individual building blocks, key sup-
porting technologies for autonomous catheter steering:
catheter design, vessel reconstruction, catheter shape mod-
eling, surgical skill analysis, decision-making and control.

Future efforts will be devoted to unite the efforts in dif-
ferent sub-domains moving to experiments and validation
of steering capability in more complex settings that fully
incorporate the challenges imposed by the hemodynamics.
The investment in carefully tailored software framework
and set of testbeds is expected to pay off here particularly.
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