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Abstract— The improved natural hemodynamics offered by
mitral valve (MV) repair strategies aims to prevent heart
failure and to minimize the use of long-term anticoagulant. This
combined with the reduced patient trauma offered by minimally
invasive surgical (MIS) interventions, requires an increase in
capabilities of MIS MV repair. The use of robotic catheters have
been described in MIS applications such as navigational tasks,
ablation and MV repair. The majority of the robotic catheters
are evaluated in testbeds capable of partially mimicking the
cardiac environment (e.g., beating heart motion or relevant
anatomy), while the validation of robotic catheters in a clinical
scenario is associated with significant preparation time and
limited availability. Therefore, continuous catheter development
could be aided by an accessible and available testbed capable of
reproducing beating heart motions, circulation and the relevant
anatomy in MIS cardiovascular interventions. In this study, we
contribute a beating heart testbed for the evaluation of robotic
catheters in MIS cardiovascular interventions. Our work describes a heart model with relevant interior structures and an
integrated realistic MV model, which is attached to a Stewart
platform in order to reproduce the beating heart motions
based on pre-operative patient data. The beating heart model
is extended with an artificial aortic valve, a systemic arterial
model, a venous reservoir and a pulsatile pump to mimic the
systemic circulation. Experimental evaluation showed systemic
circulation and beating heart motion reproduction for 70 BPM
with a mean absolute distance error of 1.26 mm, while a robotic
catheter in the heart model is observed by ultrasound imaging
and electromagnetic position tracking. Therefore, the presented
testbed is capable of evaluating MIS robotic cardiovascular
interventions such as MV repair, navigation tasks and ablation.

I. I NTRODUCTION
Mitral insufficiency is one of the commonly observed
heart diseases in society, which requires treatment in case
of hemodynamic compromise. Mitral valve (MV) repair
strategies are often favored over MV replacement strategies [1]. Whereby, repair strategies aim to preserve natural
hemodynamics in order to minimize the use of long-term
anticoagulant [2]. MV repair is often performed by openheart surgery via sternotomy incisions, which is associated
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Fig. 1. A rendering of the beating heart model developed for the evaluation
of robotic catheters in minimally invasive mitral valve repair surgery. The
interior of the heart is modeled with an anatomically accurate superior vena
cava and left and right atria, which is separated by the atrial septum. This
allows a robotic catheter to be inserted in the superior vena cava into the
right atrium trough the atrial septum to reach a desired treatment location.

with significant patient trauma. Therefore, high-risk patients,
often with comorbidities are excluded from surgery [3]. As
an alternative to sternotomy incision procedures, MV repair
treatment with reduced patient trauma could be provided by
minimally invasive surgery (MIS) [4]. The favorable longterm outcome provided by MV repair strategies with reduced
patient trauma, requires an increase in MIS capability, which
can be offered by (robotic) catheter integration [5], [6].
The development of robotic catheters for cardiovascular
applications have been extensively covered in literature.
This includes the use of robotic catheters for navigational
tasks [7]–[9]. Further, work on tele-operated systems, described the deployment of robotic catheters in applications such as endovascular surgery [10], [11]. Other studies
documented the use of robotic catheters in applications
such as ablation and MV repair [12]–[16]. The majority
of aforementioned studies provided results obtained from
experimental testbeds, which are used to partially mimic the
cardiac environment (e.g., beating heart motion or relevant
anatomy), while important aspects of robotic catheter evaluation in cardiovascular surgery such as fluid circulation are
neglected. A small group of researchers demonstrated robotic
catheter methods in ex- or in-vivo experiments. Validation
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Fig. 2. An overview of the various components of the beating heart testbed associated with beating-heart MV motion reproduction (green), cardiac
circulation (blue) and potential robotic catheter control (red). The heart model comprises of an interior (i.e., superior vena cava, left and right atria and
atrial septum), a realistic MV, an acrylic left ventricle and an artificial aortic valve. The heart model is attached to a Stewart platform, which uses a
controller to reproduce the beating heart motions based on pre-operative patient data. Systemic circulation is provided by a pulsatile pump, a systemic
arterial model and a venous reservoir. A computer controlled robotic catheter could be inserted in the heart model, while feedback is provided by ultrasound
images or electromagnetic (EM) position sensors.

of robotic catheters in a clinical scenario is associated with
significant preparation time and limited availability. Hence,
the validation of robotic catheter methods in an accessible
and available testbed capable of reproducing the clinical
environment could support continuous catheter development.
Various efforts in the modeling of beating heart
(sub)system have been described in research. Vismara et al.
described a pulsatile mock loop, which is used to simulate
the relevant structures and fluid flow for the evaulation of
aortic valves [17]. A left heart simulator was presented by
Rabbah et al., which is used for the study of MV mechanics
and hemodynamics [18]. Mock loops that used various
versions of a Windkessel model have been described by a
number researchers [19]–[21]. In these studies, a Windkessel
model is used to mimic resistance and compliance of the
aorta and arteries of the vascular system. Further, serveral
studies presented work capable of repoducing a realistic fluid
flow and pressure during the cardiac cycle by using a pulsatile pump [22], [23]. Although, the individual components
and various beating heart (sub)systems are well described
in literature, these studies do not focus on the evaluation
of robotically-controlled catheters in cardiovascular surgery.
Further, these studies do not combine relevant aspects for
robotic catheter evaluation such as beating heart motions,
circulation and realistic anatomy in a single testbed.
In this study, we present a beating heart testbed developed
for the evaluation of robotic catheters in cardiovascular
surgery. Our work contributes a testbed, which comprises of
a silicon heart model obtained from a partial cast of a bovine
heart (Fig. 1). The focus of the testbed design is to provide
a realistic environment for minimally invasive MV repair
surgery performed by steerable and flexible robotic catheters.
Hence, we model the relevant interior heart structures and integrated a realistic and functional MV. In order to reproduce

the beating heart motions at the treatment location, we attach
the silicon heart model to a six degrees-of-freedom (DOF)
Stewart platform. The beating heart motions at the treatment
location are reproduced in three dimensional (3D) space by
using pre-operative patient data. Further, we extended the
beating heart model with an artificial aortic valve (AV) model
and a systemic arterial model (SAM) using a Windkessel
system in order to mimic the systemic circulation. A pulsatile
pump is integrated in order reproduce the cardiac output by
mimicking the change in ventricle volume, which enables
opening and closing of the AV and MV models. Hence,
the proposed beating heart testbed could provide a realistic
environment for MV repair surgery. Note, that other future
robotic catheter applications such as navigation, ablation and
cardiac biopsy could potentially be evaluated in the presented
beating heart testbed.
II. M ETHODS
In this section, we provide the methods used to demonstrate the beating heart testbed for the evaluation of robotic
catheters in cardiovascular surgery. In section II-A, we
present the experimental testbed, while in section II-B beating heart MV motion modeling is described. Subsequently,
in section II-C, we describe the computer-controlled pulsatile
pump. In section II-D, we provide details of systemic circulation model. Further, in the derivations presented, we use k
to indicate the discrete time variable.
A. Experimental testbed
The beating heart testbed is divided in three major components, which relate to the robotic catheter control in minimally invasive MV repair surgery, the modeling of cardiac
circulation and the reproduction of beating heart motions. An
overview of the aforementioned components are depicted in
Fig. 2, while the beating heart testbed is shown in Fig. 3.
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Fig. 3. An overview of the beating heart testbed for the evaluation of robotic cardiovascular interventions. The beating heart testbed comprises of a silicon
heart model with an embedded mitral valve model (top inset) and an acrylic left ventricle model. In order to mimic systemic fluid flow, the silicon heart
model is extended by a pulsatile pump and a systemic arterial model with a proximal resistance, a distal resistance, a capacitance and a venous reservoir.
The heart model is attached to a Stewart platform in order to mimic the beating heart motions at the treatment location. Further, a robotic catheter insertion
channel (top right inset) provides access to the mitral valve via the superior vena cava, while electromagnetic (EM) position tracking is provided.

In this study, robotic catheter control in minimally invasive
MV repair is considered. Hence, we use silicon heart model
obtained from a partial cast of a bovine heart. The interior
of the silicon heart is modeled with an anatomical correct
superior vena cava and left and right atria, which is separated by a atrial septum. Further, we integrated a functional
and realistic MV model with an implemented anterior and
posterior middle prolapse (LifeLike BioTissue Inc., London,
Canada) in the silicon heart model. This allows for a robotic
catheter to be inserted in the superior vena cava into the
right atrium trough the atrial septum to reach a desired
treatment location such as the MV. By considering a waterfilled bellows, the MV including the robotic catheter could be
observed by ultrasound imaging as depicted in Fig. 2. The
water-filled bellows enables the transmission of ultrasound
waves from a stationary transducer to the moving heart model
during the reproduction of beating heart motions. Note, that
a stationary transducer introduces simplifications compared
to clinical practice. A fiducial marker is integrated in the
testbed as shown in Fig. 2, which can be used to evaluate
the reproduced beating heart motions of the heart model in
ultrasound images. The observed beating heart motion in
ultrasound images could be considered as a reference signal
for closed-loop control of a robotic catheter. Complementary
or as an alternative to ultrasound imaging, electromagnetic
(EM) tracking sensors embedded in the catheter could be
used for instrument feedback. By minimizing the use of
interfering materials such as ferromagnetic and electrically
conductive materials in and near the heart model, EM positional tracking of the robotic catheter is not impeded [24].
The functional opening and closing of the integrated MV
model is provided by systemic circulation. Hence, we extend

the heart model with an acrylic left ventricle, an artificial
AV and a SAM. The SAM comprises of a proximal resistor,
a distal resistor and a capacitance element, which is used
to mimic resistance and expansion of the vascular system,
respectively. A venous reservoir is included in the systemic
circulation to serve as a buffer between the distal resistor and
left atrium of the heart model. Note, that by neglecting the
pulmonary circulation circuit, we introduce simplifications
compared to clinical practice. Further, we attach an automated pump to the left ventricle of the heart model, which
is used to reproduce the cardiac output by mimicking the
change in ventricle volume. The pump is controlled by an
Arduino Due (Arduino, Somerville, USA) and comprises of a
piston positioned by a GP22S ball screw spindle drive with a
pitch of 2 mm per rotation, which is attached to a ECMax22
motor (Maxon Motor, Sachseln, Switzerland).
In order to reproduce the beating heart motions at the
treatment location (i.e., MV) in 3D space, we attach the
heart model to a six DOF Stewart platform [25]. The
Stewart platform is actuated by six MX-64AR servo motors
(ROBOTIS Co., Ltd., Seoul, South Korea) and controlled
by an Arduino Due. The reproduced beating heart motions
are obtained from pre-operative patient data by using 3D
magnetic resonance images of a MV. Further, we consider the
heart-rate variability in the reproduced beating heart motions.
B. Beating heart mitral valve motion modeling
In this section, we describe the model used to reproduce
the beating heart MV motions in 3D space, which is obtained
by pre-operative patient data using 3D magnetic-resonance
(MR) images. The MR volume (seven slices of 256 by
256 pixels) data are obtained with a rate of 30 volumes-
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where the HRV interval is given by t1 = 200 ms and
t2 = 200 ms, while the standard deviation is given by 2⇤1p3 ⇤
(t2
t1 ) = 115 ms. Further, the frequency (!hr ) can
be computed according to !hr = 2⇡
60 hr , where hr is the
heart rate in beats-per-minute (BPM), which is used in (2)
to evaluate the variable frequency (!). By considering the
variable frequency (!) and the two-term Fourier series in (1),
we can reproduce beating heart motions with HRV.
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left ventricle volume as depicted in Fig. 5. The cardiac cycle
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Fig. 4. The beating heart mitral valve motions obtained from pre-operative
patient data (red cross) and the corresponding fitted model (blue line). The
fitted model is described by a two-term Fourier series, which is used to
reproduce the periodic motion of the beating heart mitral valve in 3D space.
Further, heart rate variability modeling is introduced to simulate the beatto-beat variation, which is indicated by inter-beat intervals (IBI) 1 to 4.

per-second by a 1.5 Tesla imaging scanner using a transesophageal echocardiogram (TEE) system (Philips Healthcare, Amsterdam). Manual segmentation is used to obtain
the motion path of the MV over the cardiac cycle. More
details are provided in previous work, where the beating
heart MV motions are reproduction in two-dimensional (2D)
space [25]. The 3D periodic beating heart MV motion is
obtained from manual segmentation, which can be described
by a two-term Fourier series according to
r⇤ = a0⇤ +a1⇤ c(

k
Sr

ld =

(3)

where rp is the piston radius. Note, that the ventricle volume
changes during the systole (i.e., isovolumic contraction, ejection) and diastole (i.e., isovolumic relaxation, rapid filling,
diastasis and atrial systole) phases as depicted in Fig. 5 [27].
Hence, by considering the aforementioned phases and the
left ventricle volume as depicted in Fig. 5, we used a
Fourier series of six terms in order to mimic the ventricle
volume (V (k)) during the cardiac cycle according to
V (k) = a0p + a1p c(
a2p c(2
a4p c(4

!) +b1⇤ s( Skr !) +a2⇤ c(2 Skr !) +b2⇤ s(2 Skr !) ,

(1)
where ⇤ denotes the associated x-, y- and z-axis, k the
discrete time variable, Sr is the sample rate and ! denotes the
frequency of the periodic motion. However, by considering
a constant frequency (!) of the periodic beating heart MV
motions, the heart rate variability (HRV) is not taken into
account. HRV is generated by heart and brain interactions,
which is controlled by the autonomic nervous system. HRV is
described by the inter-beat interval (IBI), which is the time
period between successive heart beats (Fig. 4). The HRV
frequency is considered to be < 0.4 Hz. Further, the standard
deviation (SDNN) of the beat-to-beat or NN intervals for
patients with SDNN values below 50 milliseconds (ms) are
classified as unhealthy, 50 to 100 ms have compromised
health, and above 100 ms are considered healthy [26].
HRV often poses a challenge for the (predictive) control
of robotic catheters. Hence, we use a uniform distribution
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where s( ⇤) = sin(⇤) and c( ⇤) = cos(⇤), the Fourier coefficients are given by a0p = 35.03, a1p = 24.34, b1p = 21.77,
a2p = 6.40, b2p = 4.57, a3p = 4.36, b3p = 0.91, a4p =
0.03, b4p = 1.61, a5p = 0.19, b5p = 1.06, a6p = 0.24
and b6p = 1.15, while the corresponding goodness of fit is
TABLE I
TABLE OF F OURIER COEFFICIENTS USED TO MODEL THE PERIODIC
MITRAL VALVE MOTIONS IN (1), WHICH ARE OBTAINED FROM
PRE - OPERATIVE PATIENT DATA BY USING 3D MAGNETIC - RESONANCE
IMAGING .
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a 0⇤
-1.735
-0.906
5.626
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0.584
-3.648

b 1⇤
-1.413
-0.363
2.019

a 2⇤
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-1.834

b 2⇤
-0.006
-0.050
-0.504
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0.98
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Fig. 5. An overview of systemic circulation modeling with integrated mitral valve (MV) and aortic valve (AV). A three-element Windkessel model with
capacitance (C), proximal resistance (Rp ) and distal resistance (Rd ) is used to mimic the left ventricle (LV) pressure (PLV (k)), the aortic pressure (P (k))
and distal systemic pressure (Pd (k)), while a fixed filling pressure (Pa (k)) is provided by a venous reservoir (Top left inset). A pulsatile pump with piston
radius (rp ) and displacement (ld ) is attached to the LV of the heart model. The pump provides a LV fluid flow (QLV (k)) and aortic fluid flow (Q(k)),
which is described by the time derivative of the LV volume. The top right inset provides the LV volume and aortic pressure as described in literature [27].

given by the square of the correlation (R2 = 0.99). Further,
the HRV model described (2) can be used in the left ventricle
volume model provided in (4), which is used in systemic
circulation reproduction.
D. Systemic circulation modeling
In order to provide realistic opening and closing of the
MV and AV, we mimic the impedance of the systemic
arterial system by using a systemic arterial model (SAM).
A three-element Windkessel model can be used to describe
the pressure and flow relation at the entrance of the systemic
arterial system. The SAM as depicted in Fig. 5 comprises
of a capacitance (C) and proximal and distal resistors, (Rp )
and (Rp ), respectively. By considering a distal location in the
SAM, the relation between the aortic fluid flow (Q(k)) and
the aortic pressure (P (k)) and pressure (Pd (k)) at a distal
location is given by
P (k)

Pd (k) = Rp Q(k).

(5)

Further, the left ventricle volume (V (k)) described in (4)
can be used to find an expression for the fluid flow (Q(k))
through the AV entering the SAM according to
(
V (k)
for k 2 [tn , tn + ts ]
Q(k) =
,
0
for k 2 [tn + ts , tn + ts + td ]
(6)
where tn indicates the start time of the cardiac cycle and ts
and td the systole and diastole times, respectively. The
relation between fluid flow (Q(k)) described in (6) and
the distal pressure (Pd (k)) is described by a two-element
Windkessel model as follows:
1
Pd (k),
(7)
Q(k) = C Pd (k) +
Rd

where Pd (k) is the discrete time derivative of the distal
pressure (Pd (k)). The two-element Windkessel model can
be extended to a three-element Windkessel model by rearranging the distal pressure (Pd (k)) in (5), which can be
substituted into (7) according to
CRp Q(k) +

R d + Rp
1
Q(k) = C P (k) +
P (k), (8)
Rd
Rd

where Q(k) is the discrete time derivative of the fluid
flow (Q(k)) described in (6), thus know. By considering
the differential equation in (8), the modeled fluid flow
in (6) and the aortic pressure described by literature as
shown in Fig. (5), we can estimate for the proximal resistance (Rp = 0.075 mmHg·s/mL), distal resistance (Rp =
1.25 mmHg·s/mL) and capacitance (C = 1.9 mL/mmHg).
The proximal and distal resistances (R⇤ ) can be obtained
by N⇤ parallel capillary tubes with length (l⇤ ) and radius (r⇤ )
using the Hagen-Poiseuille equation according to
R⇤ =

P⇤ (k)
8µl⇤
8µl⇤
=
) N⇤ =
,
4
Q⇤ (k)
⇡N⇤ r⇤
⇡R⇤ r⇤4

(9)

2⇢
Q(k) < 2300,
⇡µN⇤ r⇤

(10)

where ⇤ = p and ⇤ = d are associated with the proximal and
distal resistances, respectively. Further, P⇤ (k) describes the
pressure loss, Q⇤ (k) is the fluid flow and µ represents the
dynamic viscosity of blood (0.029 g/cm/s). By considering
the density of blood (⇢ = 1060.0 kg/m3 ) and the Reynolds
number for laminar flow in a capillary tube according to
Re =

we evaluate the capillary tube lengths (lp = 150 and ld =
300 mm), the radii (rp = 0.0775 and rd = 0.04 mm) and
the total parallel tubes (Np = 307 and Nd = 519). Hence,
we complete the systemic circulation modeling.
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Fig. 6. Representative experimental results of beating heart motion reproduction in three dimensions (left) and systemic circulation (top-right) for a heart
rate of 60 BPM. The motion reference path is depicted red, while the actual platform path is shown in blue, which is measured by an electromagnetic
(EM) sensor attached to the moving Stewart platform. The systemic circulation is provided by a pulsatile pump, while the pressure in the left ventricle
(LV) (red), aorta (blue) and left atrium (LA) (blue) are measured. Further, the bottom-right inset demonstrates ultrasound observations and an EM position
measurement of a robotic catheter inserted in the beating heart model.

III. E XPERIMENTS
In this section, the experimental plan used to evaluate
the beating heart testbed is described and the corresponding
results are presented.
A. Experimental plan
The experimental plan comprises of three parts. First
we evaluate the reproduction of beating heart MV motions
including HRV in 3D space based on pre-operative patient
data described in section II-B. The reproduced motion is
evaluated by using a five DOF EM sensor (Northern Digital
Inc., Ontario, Canada), which is attached to the moving
Stewart platform. Subsequently, we evaluate the proposed
systemic circulation model described in section II-D by
using MPX5050GP pressure sensors (NXP Semiconductors,
Eindhoven, the Netherlands). Finally, we demonstrate ultrasound and EM observation of a stationary robotic catheter
inserted in the MV of the beating heart model. The stationary robotic catheter is observed by a Siemens Acuson
S2000TM ultrasound system with a Siemens 18L6 transducer
(Siemens AG, Erlangen, Germany) and by two embedded
EM sensors (Northern Digital Inc., Ontario, Canada).
B. Results
The experimental results of the beating heart motion
reproduction are provided in Table II, while a representative
experiment is depicted in the left plot of Fig. 6. Further,
the experimental results of system circulation reproduction
using a pulsatile pump, a SAM and a venous reservoir are
depicted in the top-right inset (Fig. 6), while the observations
of a stationary robotic catheter in ultrasound and EM position
tracking are provided in the bottom-right inset (Fig. 6).
Experiments in reproducing the beating heart motion show
a mean absolute distance error (✏) of approximately 0.8 mm
for heart rates of 20 to 50 BPM, while a deterioration for
heart rates of 60 and 70 BPM of 1.07 and 1.26 mm are
observed, respectively. Note, that changing heart rates could

be considered during catheter evaluation. The deterioration
for higher heart rates (i.e., 60 and 70 BPM) could potentially
be attributed to the tubes between the fixed elements of the
SAM and the beating heart model attached to the moving
Stewart platform.
Further, systemic circulation experiments showed that the
change in LV volume provided by the pulsatile pump results
in a maximum LV pressure of approximately 120 mmHg,
while the observed maximum aortic pressure and the corresponding decay is approximately 70 and 35 mmHg, respectively. Note, that the reduced aortic pressure in experiments
compared to clinical practice (top-right inset, Fig. 5) did not
limit AV and MV opening and closing, which is considered
in catheter evaluation. The difference between LV and aortic
pressure indicates a resistance introduced by the artificial
AV, which is similar to AV stenosis. The pressure in the
left atrium (LA) during the systole increases to approximately 25 mmHg. This could be attributed to the MV with
implemented prolapse, which causes MV regurgitation.
Further, observations of a stationary robotic catheter inserted in the beating heart model are provided in Fig. 6.
Observations showed that the catheter is visible in ultrasound
images and could be tracked by two embedded EM position
sensors as provided in the bottom-right inset (Fig. 6).
TABLE II
T HE RESULTS OF THE BEATING HEART TESTBED MOTION
REPRODUCTION EXPERIMENTS FOR HEART RATES OF 20 TO 70 BPM.
T HE MEAN ABSOLUTE DISTANCE ERROR (✏) AND THE MEAN ABSOLUTE
POSITION ERRORS (✏x , ✏y AND ✏z ) ARE PROVIDED WITH THE STANDARD
DEVIATION OF THE ABSOLUTE ERROR .

1081

BPM
20
30
40
50
60
70

✏x [mm]
0.17
0.26
0.24
0.24
0.33
0.34

✏y [mm]
0.31
0.38
0.33
0.36
0.49
0.52

✏z [mm]
0.63
0.57
0.47
0.60
0.78
0.98

✏ [mm]
0.79 ± 0.53
0.80 ± 0.52
0.70 ± 0.40
0.81 ± 0.57
1.07 ± 0.70
1.26 ± 0.95

IV. C ONCLUSIONS AND FUTURE WORK
In this study, we described an experimental testbed for
the evaluation of robotic cardiovascular interventions. We
presented a beating heart model with a realistic interior, a
realistic MV and an artificial AV. The heart model is attached
to a Stewart platform in order to reproduce the beating
heart motions based on pre-operative patient data. Further,
systemic circulation is obtained by a pulsatile pump, a SAM
and a venous reservoir. This provides a realistic cardiac
environment for MIS MV repair surgery. In experiments, we
demonstrated beating heart motion reproduction with an error
of 1.26 mm for heart rates of 70 BPM, while the observed
maximum LV and aortic pressures are approximately 120
and 70 mmHg, respectively. Further, we provided observations of a stationary catheter in the heart model by using
ultrasound images and EM position tracking, which can be
used in closed-loop control of robotic instruments.
In future work, we intend to perform robotic catheter studies in the beating heart testbed. Further, we aim to expand
the testbed by considering various aortic and mitral valves
in order to mimic different cardiac diseases. By considering
different realistic valvular models, cardiac decreases such as
insufficiency and stenosis could be mimicked, while a robotic
catheter could demonstrate effective treatment. Our proposed
experimental testbed demonstrates cardiac motion and circulation reproduction with integrated valve models. Therefore,
the presented experimental testbed could provide a platform
for the evaluation of future robotic catheter applications such
as MV repair, navigational tasks and ablation.
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