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Abstract. Despite increased use of remote-controlled steerable catheter
navigation systems for endovascular intervention, most current designs
are based on master configurations which tend to alter natural opera-
tor tool interactions. This introduces problems to both ergonomics and
shared human-robot control. This paper proposes a novel cooperative
robotic catheterization system based on learning-from-demonstration.
By encoding the higher-level structure of a catheterization task as a se-
quence of primitive motions, we demonstrate how to achieve prospective
learning for complex tasks whilst incorporating subject-specific varia-
tions. A hierarchical Hidden Markov Model is used to model each move-
ment primitive as well as their sequential relationship. This model is
applied to generation of motion sequences, recognition of operator input,
and prediction of future movements for the robot. The framework is val-
idated by comparing catheter tip motions against the manual approach,
showing significant improvements in the quality of catheterization. The
results motivate the design of collaborative robotic systems that are in-
tuitive to use, while reducing the cognitive workload of the operator.

1 Introduction

Recent advances in steerable catheter technology and master/slave catheter nav-
igation systems have aimed to improve standard catheterization practices by
increasing the precision of motion, removing the operators from the radiation
source, and providing added operator comfort [1]. However, most existing solu-
tions have been designed without advanced ergonomic interfaces that utilize the
natural skills of operators. Increased interest in robotic surgical systems and their
growing presence offers new possibilities for real-time assistance through human-
robot cooperation. Capturing the high-level structure of endovascular navigation
by learning the primitive motions from few demonstrations of a catheterization
task, and applying them to shared-control catheter navigation within different
anatomical settings, can improve the quality of catheterization while reducing
the cognitive workload of the operator.
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Several commercial robotic platforms, such as the Magellan System (Hansen
Medical, Mountain View, CA, USA), are used presently for endovascular inter-
vention [2] while many research platforms have also been developed for remote
control of standard catheters [1]. Most existing solutions, however, make use of
multi-DoF haptic interfaces without considering conventional experience-related
catheterization techniques. As a result, recent designs are moving towards more
ergonomic master interfaces that replicate the natural motion patterns of oper-
ators [3]. An ideal human-robot interface aims to utilize the high-level decision
making process of operators whilst providing the advantages of robotic control,
including repeatability, precision and stability of motion. Learning of underly-
ing navigation gestures, and the incorporation of these into the development
of ergonomic shared-control robotic catheterization platforms, is important in
ensuring that they are intuitive to use.

The increasing use of surgical robots offers new opportunities for autonomous
and shared-control navigation, which has led to a growing interest in applying
the learning-from-demonstration framework used in robotics [4] in different areas
of minimally invasive surgery. These techniques have been applied towards com-
plete automation of repetitive tasks [5], as well as low-level learning of motion
trajectories for purposes of skill classification [6]. Higher level context learning
has been applied to real-time recognition of operator intent to provide assis-
tance in the form of virtual fixtures [7], and recognition of subtask completion
for changing the control between operator and robot at certain steps of a pro-
cedure [8]. While in the field of endovascular intervention these techniques have
been used for low-level learning and automation of optimum motion trajectories
from multiple expert demonstrations [9], their application to model generaliza-
tion and context-aware learning of complex tasks has not been explored.

This paper proposes a novel surgical human-robot cooperative system for en-
dovascular intervention, based on learning-from-demonstration, by decomposing
the procedure into a division of primitive motions and learning the model of
each primitive as well as the higher-level structure of the task. In the proposed
approach, Hidden Markov Models (HMMs) are used to model each movement
primitive, while a higher abstraction level HMM is also learned to capture their
sequential relationship. The learned models are applied towards generating se-
quences of motions, detecting operator input, and predicting future movements,
using a hands-on robotic catheter driver with an ergonomic master interface
that replicates standard bedside motions. Models learned from few demonstra-
tions of a single catheterization task by an expert operator within a standard
anatomy have been validated using the cooperative robotic system across mul-
tiple intermediate-level and novice operators, performing various complex tasks
within different anatomical settings. The performance is evaluated by comparing
catheter tip motion quality and navigation performance with the robot-assisted
approach against manual catheterization. The learning framework addresses
subject-specific anatomical variability by enabling intuitive human-robot col-
laborative navigation, and provides important insights into the design of shared-
control robotic platforms that maintain the natural skills of operators.
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2 Materials and Methods

2.1 Motion Primitive Learning and Hierarchical Modeling

The goal of this learning framework is to encode the high-level structure of a
catheterization task, by decomposing it into a sequence of primitive motions and
learning the model of each primitive and their sequential relationship, to enable
human-robot cooperative catheter navigation. This will allow generalization of
the learning capabilities, since many of the primitive manoeuvres performed
by operators are common across different anatomies. The learned models are
applied to generating motion sequences for the robotic driver, real-time recog-
nition of operator input when correcting the motion of the robotic driver, and
predicting future movements for the robot. Several mathematical frameworks
for representing motion primitives have been employed in the past (e.g. neural
networks, HMMs, dynamical models) [4]. This work uses HMMs to model the
primitive movements, due to their ability to handle both spatial and temporal
variability across multiple demonstrations, and since the same model can be used
for generation of motion sequences as well as recognition of new motions.

The models were learned from few manual demonstrations of an expert oper-
ator (n=5, >100 endovascular procedures), cannulating the innominate artery of
a silicone-based, anthropomorphic phantom of a healthy type I aortic arch (Elas-
trat Sarl, Switzerland, Fig. 1c). The two DoF axial (x) and rotational (θ) motion
of the catheter applied by the operator was measured using a proximal position
sensor, consisting of two contact-less magnetic rotary encoders and a roller-based
mechanism [9]. Each dataset {x, θ} was manually segmented into three main
primitive motions: a pushing motion, a pull and counterclockwise twist, and a
clockwise twist. Each primitive gesture was modeled as a fully-connected HMM
withN states. An HMM is represented by λ = (π,A,B) consisting respectively of
the initial state distribution, the state transition probability distribution, and the
observation probability distribution [10]. Here a continuous observation model
based on a Gaussian distribution was used: bi(o) = N (o|μi, Σi) where o is the
observation vector and μi and Σi are the mean and covariance matrix in state i.
The HMMs were trained using the Baum-Welch algorithm (based on Expecta-
tion Maximization (EM)), and the optimal number of states (N) for each HMM
was selected using the Bayesian information criterion [11].

The HMMs were then used for on-line recognition of the operator’s input
gesture during the procedure, by calculating the log-likelihood between the input
trajectory O and each of the primitive HMMs λp ∈ {λp1, λp2, λp3} using the
forward-algorithm of the HMMs [10], and classifying the gesture using the HMM
with the maximum log-likelihood:

argmax
λp∈{λp1,λp2,λp3}

logP (O|λp). (1)

In order to recreate a generalized version of the motion from the HMM cor-
responding to each primitive, the Viterbi algorithm was used to reconstruct the
optimal sequence of state transitions [11]. The μi of the Gaussian distributions
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for each state was then used to extract a set of key-points at the mean time
between two state transitions. By interpolating between these key-points (us-
ing piecewise cubic Hermite polynomials) and normalizing in time, a desired
trajectory {x, θ} is extracted from the HMM of each primitive. These motions
were then smoothed using a moving average filter (span=10) to enable smooth
transitions for the robotic driver.

To represent the structure of movement patterns and how the motion prim-
itives are sequenced, a second higher-level, fully-connected HMM (πh, Ah, Bh)
was learned, where each motion primitive corresponds to a single hidden state
in the model [12]. For this model, the initial state distribution πh represent the
likelihood that a motion sequence will begin with a certain primitive, and the
state transition probabilities Ah encapsulate the sequential relationship between
the primitive motions. The output observation distribution for each state was
defined as the likelihood that a motion sequence segment could have been gen-
erated by the model of that primitive:

bhi (O
s) = P (Os|λi). (2)

Here λi is the lower level HMM of the motion primitive at state i, Os is an ob-
servation motion sequence segment, and the probability P (Os|λi) was computed
using the forward-algorithm [10]. Using the set of motion primitives [λp1, λp2, λp3]
and the observed sequence of segmented motions from the demonstrations, the
initial state distribution and the state transition probabilities were trained using
the standard Baum-Welch algorithm [10]. The state transition probabilities Ah

were then used to detect and monitor the input of the operator and predict the
future movements of the robotic driver.

2.2 Experimental Setup

The learned model from the expert is used for human-robot cooperative catheter-
ization of multiple arteries within different complex anatomical settings by in-
experienced and intermediate-level operators, using a master-slave framework
consisting of the proximal position sensing unit and a robotic catheter driver
(Fig. 1). The catheter driver uses two servomotors that drive the catheter to fol-
low a desired trajectories based on a PID controller [9]. The motions generated
from the HMMs of each primitive are sent to the robotic driver sequentially based
on the learned hierarchical model. A camera mounted on top of the phantom
provides a 2D projected image for navigation. A graphical user interface (Lab-
view, National Instruments Corp.) displays the current and upcoming motions
of the robot to the operator at each stage, and allows the operator to indicate
when they decide to correct the motion. During the correction phase the oper-
ator controls the master catheter at the proximal sensing unit and the robotic
driver follows the motion of the operator. After the operator indicates that they
are satisfied with the correction, the hierarchical model recognizes the primitive
corresponding to the operator input and decides the future automated movement
of the robotic driver. The framework was validated for cannulation of the left
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Fig. 1. Experimental setup of the proposed cooperative robot-assisted approach and
the manual approach (a), phantoms of the aortic arch with aneurysm and stenosis for
validation (b), phantom of the healthy arch used for learning the hierarchical model
(c), intuitive master-slave framework (position sensing unit and robotic driver) (d).

subclavian (LSA) and the right common carotid (RCCA) arteries of two silicone-
based, anthropomorphic phantoms of an aortic arch with an aneurysm, and a
longer aortic arch with a re-created stenosis (Elastrat Sarl, Switzerland, Fig. 1b),
and compared to completely manual catheterization. 5F shaped catheters and
guidewires were used for this study, and guidewire manipulation was controlled
manually by the operator. Information regarding catheter tip motion were ob-
tained using six-DoF electromagnetic position sensors (Aurora, NDI) attached
to the catheter tip. Fig. 1 shows the experimental setup used for validation.

The procedure was repeated multiple times across five novice operators (n =
10) and two intermediate-level operators (n = 8, ∼ 10 simulator/endovascular
procedures), on the LSA and RCCA of each phantom with each of the robot-
assisted and manual approaches. Different performance metrics that were ex-
tracted for each cannulation through the position sensor attached to the catheter
tip include: mean/maximum tip acceleration, smoothness of motion (correspond-
ing to the change in slope of the tip displacement), and total catheter path length
(corresponding to back and forth movements). Through these metrics the per-
formance of the proposed robot-assisted approach was compared to the manual
technique and differences were assessed using the non-parametric Wilcoxon rank-
sum significance test (P < 0.05). Tip trajectory plots are also used to further
demonstrate improvements in smoothness and stability of catheter motion. For
this study all the processing and statistical analysis was performed in Matlab.

3 Results

Fig. 2 shows the lower level HMMs for each movement primitive, as learned from
the expert operator’s demonstrations. The generalized version of the motion
extracted from each primitive is also displayed.
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Fig. 2. Training data from the expert demonstrations (gray lines), learned HMMs, and
the generalized form of the motion (red line) retrieved from the HMMs for each of the
primitive motions. Different colors represent the states of each HMM, while the ellipses
correspond to the covariances.

Table 1 shows the results of the non-parametric test, with median values for
statistically significant differences (P < 0.05) between the manual approach and
the cooperative robotic approach for each of the phantoms and arteries across
the two experience levels. Significant performance differences can be seen for
cannulation of each of the LSA and RCCA arteries within the two anatomies for
the two experience levels. In each case, the robotic approach displays smoother
and more stable catheter tip motion at lower accelerations. Smoother movements
and a reduction in total path length correspond to a reduced number of back
and forth movements at the catheter tip, which can translate into reduced vessel
wall contact. This can have a significant impact on reducing complications that
are caused as a results of interaction between the catheter and the arterial wall,
including dissection, perforation, thrombosis and embolization, particularly in
the presence of diseased vessels.

Table 1. Median values for statistically significant differences (P < 0.05) between
the cooperative robotic approach vs. the manual approach, for cannulation of varying
arteries within different anatomies across the two experience groups.

Stenosis Model Aneurysm Model

LSA RCCA LSA RCCA

Novice Manual Robot Manual Robot Manual Robot Manual Robot

mean accel. (mm/s2) 2.1e3 50.9 1.9e3 71.9 1.6e3 55.5 2.4e3 62.1
max accel. (mm/s2) 2.3e4 1.4e4 4.7e4 1.0e4 3.0e4 5.3e3 3.1e4 6.0e3
smoothness (mm) 2.5e3 3.3e2 3.6e3 3.8e2 4.6e3 3.6e2 4.1e3 3.1e2
path length (mm) 3.6e3 5.5e2 5.7e3 7.1e2 6.3e3 5.8e2 6.8e3 6.0e2

Intermediate Manual Robot Manual Robot Manual Robot Manual Robot

mean accel. (mm/s2) 1.5e3 64.6 3.2e3 84.5 1.0e3 49.5 1.8e3 67.8
max accel. (mm/s2) 2.3e4 7.5e3 3.4e4 1.8e4 1.9e4 5.9e3 2.9e4 3.5e3
smoothness (mm) 1.8e3 2.7e2 3.2e3 3.3e2 2.6e3 2.6e2 3.8e3 2.7e2
path length (mm) 2.9e3 4.4e2 4.4e3 6.4e2 6.0e3 4.1e2 6.2e3 5.7e2
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Fig. 3. Catheter path achieved by the robot-assisted approach vs. the manual approach
within different models and arteries, across the two experience groups. The corrective
motions of the operator are depicted with a different colour.

Fig. 3 displays examples of the catheter path during catheterization of dif-
ferent arteries and anatomies with the proposed robotic approach against the
corresponding manual approach for each experience level. For the robot-assisted
approach, the input and corrections of the operator are displayed in a different
color. The results depict the improved quality of catheterization in terms of pre-
cision, smoothness, and stability of motion, compared to the manual approach,
for both of the novice and intermediate experience levels.

4 Conclusion

In this paper a novel surgical human-robot cooperative system for endovascu-
lar catheterization, based on learning-from-demonstration, has been proposed.
By learning the higher-level structure of task as a sequence of primitive mo-
tions, the framework allows for context-aware learning and generalization to
different anatomical settings while addressing subject-specific variations.
Models learned from few expert demonstrations of a single task have been val-
idated across intermediate-level and inexperienced operators performing multi-
ple catheterization tasks within different anatomical setting, using a hands-on
robotic catheter driver and a proximal position sensing unit within an intuitive
master-slave framework. The results depict significant improvements in the qual-
ity of catheterization in terms of stability and smoothness of motion and overall
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path length, compared to the manual approach, and further motivate the de-
sign of hands-on cooperative robotic platforms that utilize operator skill, while
reducing the cognitive workload of the operator.
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